To investigate lung development and to correlate pulmonary hypoplasia with hypoplasia of the arcuate nucleus in stillbirths.
INTRODUCTION
Respiratory function in man is constantly being modulated by regulatory mechanisms that keep the partial pressure of O 2 , CO 2 and the acid-base balance in arterial blood at a constant level. The main controlling factor is chemoreception, a process whereby states of hypoxia and hypercapnia are perceived by central and peripheral receptors, able to determine a variety of responses pertaining to pulmonary ventilation alterations and thereby mitigate these alterations. [1] [2] [3] [4] In the final stages of fetal life, the chemoreceptors are normally well developed and potentially functioning. However, their stimulatory effect on respiration is nullified by the dominant inhibitory input from nervous structures located in the upper portion of the brainstem, in particular the Kölliker-Fuse nucleus. 1, [5] [6] [7] . During fetal life, the lungs do not appear to play any part in gas exchange, although episodic rapid and irregular respiratory movements have been found in experimental studies, mainly in sheep fetuses. [8] [9] [10] [11] [12] In the human fetus, periodic respiratory activity can be detected by ultrasound from the 11th week of gestation, and this becomes more marked as pregnancy progresses. 13 This fetal breathing (FB), regulates release of tracheal fluid in the lung and consequently regulates alveolar expansion, and seems to favor lung development.
14 Lack of respiratory movements in the fetus could therefore result in impaired development of the alveoli and in pulmonary hypoplasia. 15 Anatomo-pathologic study of sudden fetal deaths after the 25th week of gestation has recently revealed frequent hypoplasia of the arcuate nucleus, an important chemoreceptor respiratory center located on either side of the medullary ventral surface, between the caudal pole of the olive and the caudal border of the pons. The incidence of the hypoplasia is 35%, similar to that for sudden infant death syndrome (SIDS).
We hypothesize a physio-pathologic relation between the autonomous nervous system and pulmonary development, in particular with regard to stillbirth. Using the same stillborn cases examined in our previous work, 17 in the present study we investigate the development of pulmonary parenchyma and correlate the possible presence of pulmonary hypoplasia with hypoplasia of the arcuate nucleus.
MATERIALS AND METHODS
We examined 26 stillbirths that occurred after 25 complete gestational weeks. The range of the interval between fetal death and fetal delivery was 24 to 28 h. Thus, fetuses with advanced decomposition signs were excluded from this study.
Pregnancy in all cases had run a normal course. None of the mothers had any significant pathology, nor had they used drugs, tobacco or alcohol. All the stillborns had an unknown cause of death.
A complete autopsy examination was carried out including a systemic gross and microscopic evaluation of the body, the placental disk, the umbilical cord and membranes. All organs were fixed in 10% phosphate-buffered formalin, processed and embedded in paraffin. Sections of 5 mm were stained with hematoxylin-eosin and Heidenhain's trichrome (Azan).
Signs of hypoxia were evaluated by specific criteria, based on the presence of subpleural hemorrhagic petechias, second-degree depletion of the thymus, marked hepatic erythropoiesis and stressresponse pseudofollicular changes of the adrenal gland. 18, 19 The brainstem and the lung were the particular focus of this study. The brainstem was examined according to the protocol routinely followed by our Institute, available on the following web site: http://users.unimi.it/Bpathol/sids/tecnica_e.html.
The brainstem specimens, including cranially the third lower of the midbrain and caudally the medulla oblongata, sectioned some millimeters distally from the lower pole of the inferior olivary nucleus, are entirely processed. All specimens, after fixation, are dehydrated in ethanol at increasing concentrations, included in paraffin with fusion point at 56 to 581C and then cut serially. The number of serial sections throughout the entire brainstem obviously varies in relation to the age of the analyzed victim. In the fetus around the 25th week of gestation the average number of sections is 360, while in the fetus at term it is 600.
The pertinent nuclei in the histological serial sections were outlined, namely the parabrachial/Kölliker-Fuse complex, the nucleus hypoglossus, the dorsal vagus motor nucleus, the tractus solitarii nucleus, the nucleus ambiguus, the trigeminal tractus and nucleus, the arcuate nucleus, the ventrolateral reticular formation and the principal inferior olivary nucleus. Plates in the atlas of Olszewski and Baxter 20 were used for reference. Regarding the lung examination, the stage of development in each case was evaluated on: (1) the basis of a macroscopic criterion used at autopsy, namely the correlation between lung weight and body weight (LW/BW), and (2) according to microscopic criteria, that is, the presence of cartilaginous bronchi up to the distal peripheral level and the radial alveolar count (RAC). This parameter involves examining at least 10 fields for each case (with a 40 Â lens) in order to estimate the number of alveoli transected by a perpendicular line drawn from the center of the most peripheral bronchiole (recognizable by not being completely covered by epithelium) to the pleura or the nearest interlobular septum. In order to carry out this examination, we used samples of fetal lung sectioned parallel to the frontal plane and passing through the hilus. The normal reference values for the last three months of gestation correspond to Z0.022 for LW/BW and for RAC they range from 2.2 to 4.4. 21 Statistical analysis of significance was performed using the Student's t-test and P<0.05 was taken as significant value.
RESULTS
At autopsy examination, all the 26 stillbirths were described as well developed, with body length and weight corresponding to gestational age, according to standard allometric growth patterns 22 ( Table 1) . In 14 cases, one or more signs of chronic hypoxia were present, such as subpleural hemorrhagic petechias, second-degree depletion of the thymus with increase of interlobular interstitium, marked hepatic erythropoiesis and stress-response pseudocysts by cytolysis in adrenal cortex.
In 17 cases (65%), bilateral pulmonary hypoplasia was observed, characterized by a decrease in volume and/or weight of the lungs, without lobulation anomalies, alteration of the indices of pulmonary development, with an LW/BW value below 0.022, a RAC index below 2.2 ( Figure 1 ) and the presence of cartilaginous bronchi up to the distal peripheral level.
In nine cases (35%), microscopic examination of serial sections of the brainstem showed varying degrees of hypoplasia of the arcuate nucleus. Precisely, in eight cases a severe bilateral hypoplasia (Figure 2 ) was evident and in one, the nucleus was completely absent (agenesis). In eight of these cases there was also hypoplasia of the reticular formation. The histologic analysis revealed a normal cytoarchitecture of the other brainstem nuclei (parabrachial/Kölliker-Fuse complex, nucleus hypoglossus, dorsal vagus motor nucleus, tractus solitarii nucleus, nucleus ambiguus, trigeminal tractus and nucleus and principal inferior olivary nucleus).
In no cases inflammatory infiltrates, hemorrhages, scar tissue, gliosis and other reactive changes of the brainstem were observed.
The data reported in Table 1 show a similar picture in eight cases (31%), with a significant correlation (P<0.05) between pulmonary hypoplasia and arcuate nucleus agenesis/hypoplasia. In all these cases, signs of chromic hypoxia were present. Examination of the placenta, together with the membranes and umbilical cord revealed retroplacental hematomas in three cases Other pathological findings were sepsis (case 7), pneumonia (cases 7 and 8) and dilated cardiomyopathy (case 12). In case 7, a severe systemic septicemia with heavy purulent bronchopneumonia and bilateral pyonephrosis was related to hospital acquired infections, probably caused by intubation performed during resuscitative maneuvers.
DISCUSSION
Fetal respiration appears to be a feature of mammalian development, even though it has been studied in detail only in the sheep. [9] [10] [11] [12] [13] In their first original study, Dawes et al. 10 describe rapid and irregular breathing movements alternating with apneic pauses of varying duration, very long in the early stages of gestation and reducing gradually thereafter in relation to pulmonary development, irrespective of the gas profile of the blood.
Experimental physiological studies show that the predominating absence of ventilation in utero is determined by the inhibitory effect exerted mainly by the Kölliker-Fuse nucleus, located at the rostral level of the pons.
1,5-8 Also, peptide factors produced by the placenta tissue, which will be removed at birth, seem to partially mediate the negative effect of the pontine structure on fetal breathing. 1, 23 Thus, in the fetus, there is a periodic disinhibition of the Kölliker-Fuse nucleus to allow breathing movements that favors pulmonary development. This interruption of inhibitory activity seems to be determined by a nucleus located in the caudal portion of the pons, the gigantocellular nucleus, which after birth has the task of intervening rhythmically to interrupt the inhibitory effect on inspiration normally exerted by the Kölliker-Fuse nucleus, and enabling expiration to start. 24, 25 In the present study, we aimed to establish whether there are alterations in lung development, indicating a low frequency of breathing movements in utero, also in stillbirths.
Stillbirth, defined as late fetal death before the complete expulsion or retraction of the fetus from the mother, has not so far been extensively investigated. 26 In a recent study, in 35% of the cases of stillbirth examined, we observed the presence of hypoplasia of the arcuate nucleus, which is an important chemoreceptor center for the control of breathing activity, located on the medullary ventral surface. 17 The hypodevelopment of this nucleus, which is often associated with hypoplasia of other brainstem structures, in particular of respiratory reticular formation, was analogous for stillbirths and SIDS cases. 16 The absence in all cases with arcuate nucleus hypoplasia of inflammatory infiltrates, infarcts, scar tissue, gliosis and other reactive changes suggests the primitive and probable genetic nature of this anomaly.
Using specific macro-and microscopic criteria, we have demonstrated the presence of pulmonary hypoplasia in a very high percentage of stillborn cases (65%). In fact, this congenital condition has been estimated to occur in up to 14% of perinatal autopsies. 27, 28 In eight cases of this study, the lung hypoplasia was associated with hypoplasia of the medullary arcuate nucleus (31%). This suggests that in about a third of stillbirths, there is a 
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Pulmonary and Arcuate Nucleus Hypoplasia clear picture of congenital hypodevelopment of both lungs and specific bulbar respiratory centers. It appears that in these cases, hypoplasia of the arcuate nucleus exerts a negative effect on respiratory movements in utero and, therefore, on lung development. In the cases where pulmonary hypoplasia is not accompanied by hypodevelopment of this nucleus, the explanation could be a wrong physiological mechanism, more precisely a failure to block the inhibitory action on the Kölliker-Fuse nucleus exerted by the gigantocellular nucleus. 24, 25 In conclusion, all the findings of our study confirm the hypothesis that functional or structural alterations of components of the vegetative nervous system, which modulate fetal breathing, may lead to disturbances in the development of the respiratory apparatus, in particular to pulmonary hypoplasia in stillbirth.
The recent possibility of analyzing the development of fetal specific structures in utero by magnetic resonance techniques and so to perform a prenatal diagnosis of both arcuate nucleus and lung hypoplasia, [29] [30] [31] [32] provides a number of potentially clinical applications, allowing prenatal counselling and therapeutic planning. 
